The catalytic layers of a low temperature fuel cell must present a sufficient electronic conductivity for a high overall performance and, in this sense, the electrocatalyst support plays an important role. However, regarding carbon nanofibers as support, it is necessary to chemically treat their surface to improve both metal deposition and anchorage, which unfortunately affects negatively the electronic conductivity. The effects of functionalization of carbon nanofibers (CNFs) on their electronic conductivity, in addition with their physicochemical properties have been studied. Oxygen surface groups have been created on the surface of three CNFs with different properties, following three oxidation treatments with diverse severity. Whereas some important properties for their application as electrocatalyst support are not significantly modified after functionalization (texture, crystalline structure, etc.), other properties like the electronic conductivity are affected depending on the extent of the process. Refluxing at boiling temperature causes the largest reduction of electronic conductivity, of ca. 80% when using a mixture of nitric and sulfuric acids and of ca. 50-60% when using nitric acid. On the other hand, the electronic conductivity of certain CNFs is not negatively influenced after treatment at room temperature with the mixture of nitric and sulfuric acids.
Introduction
The application of novel carbonaceous materials as electrocatalyst support in fuel cells is considered as a good opportunity to enhance the overall electrochemical activity and durability of the catalytic layers [1] . These materials differ to carbon blacks (CBs), the most spread support in fuel cell technology, both at the nanoscopic and at the macroscopic level, in terms of their texture and their morphology. Some examples are ordered mesoporous carbons, carbon gels and carbon nanofilaments, amongst others [2] , [3] , [4] , [5] , [6] , [7] , [8] , [9] , [10] and [11] . This work focuses on the study of herringbone carbon nanofibers (CNFs) with a graphite-like structure and a high ratio of exposed edge carbon atoms to basal atoms, which represents an advantage in the mentioned application [12] , [13] and [14] .
Among the requirements of an electrocatalyst, it is well known that the activity of a catalyst increases as the reaction surface area increases [15] , [16] and [17] , which means that decreasing the active phase particle size results, in principle, in an enhancement of the activity. However, depending on the reaction under consideration, the activity can also decrease when decreasing particle size under a certain limit, which is known as a particle-size effect [18] . Consequently, the surface area of the support plays an important role in the activity of the catalyst as the particle size depends on it. In addition to a high surface area, a high content of mesopores is also necessary to provide a good access to reactants/products and to maximize the number of three-phase boundary reactive sites. In highly microporous supports the active phase sinks into the micropores and the effective electrochemical reactive area is consequently reduced [9] , [19] and [20] .
Apart from an adequate texture, in such electrochemical applications it is of a great importance in a carbonaceous support to provide a sufficient electronic conductivity, so that the electrical resistance can be as low as possible to allow the flow of electrons. Kim et al. [21] obtained an enhancement of catalyst electroactivity when decreasing the electrical resistance by mixing CNFs with CBs. Moreover, the effect of the support electronic conductivity on the fuel cell performance seems to be of a great importance in high surface area supports such as amorphous activated carbons [1] and [22] .
Carbon supports with a poor surface chemistry, that is, with a low content of surface functional groups, need to be chemically treated to increase their hydrophilicity and, additionally, to improve the interaction between the support surface and the active phase [23] .
Zhang et al. [24] studied the structure of the Pt-C interface pointing out the importance of the presence of oxygen groups on the carbon surface for the deposition of small metal particles (< 2 nm). Hull et al. [25] proposed two possible Pt-C structures onto carbon nanotubes, where Pt bonds to ester and carbonyl oxygen atoms, whereas Plomp et al. [26] concluded that Pt anchors on carboxyl and phenol oxygen groups. Therefore, the necessary functional group for an optimum metal deposition depends on the subsequent preparation method used for the electrocatalyst synthesis.
Regarding carbon nanomaterials, which are the subject of this work, most of the literature related to their surface oxidation concerns carbon nanotubes, showing that only strong oxidizing agents are effective in creating oxygen functional groups on the carbon surface [27] .
These treatments, apart from modifying the surface chemistry, may change some of the original properties of the supports like their texture, morphology or even structure.
Toebes et al. [28] found that a more severe treatment leads to a considerable increase in the surface area and pore volume of CNFs, which can be ascribed to an opening of the inner tubes of the nanofibers since the growth catalyst is removed. Recently in our group [29] the severity of the oxidation process has been observed to influence the amount of oxygen groups created but, on the other hand, the initial microscopic structure can be destroyed under highly severe treatments, thus a careful selection of the oxidizing process is mandatory. Oh et al. [10] demonstrated that, although the initial performance of the CNF-supported electrocatalysts is improved with functionalization, carbon corrosion is favored and thus it supposes a deleterious effect on durability.
Few works have dealt with the influence of functionalization treatments on the electronic conductivity of carbonaceous materials. The type of functionality influences the electronic behavior of the carbonaceous surface. As an example, nitrogen doped carbon nanostructures result in an enhancement of conductivity when N substitutes carbon atoms in the graphite matrix at a certain composition [30] . Pantea et al. [31] and [32] studied the influence of the surface chemistry of carbon blacks on their electrical conductivity at relatively low pressures (< 2MPa). Commercial CBs without any further treatment contain small amounts of oxygen (0.7-2.3 at%) and sulfur (<0.5 at%), obtaining a general decrease of electrical conductivity as the non-carbon elements content increases, in addition to an influence of the polyaromatic and aliphatic character of carbon on the surface.
Based on a previous study of the surface chemistry of functionalized CNFs [29] , this work deals with the influence of the creation of oxygen functional groups (mainly carboxyl, lactone, phenol and carbonyl) on CNFs with different properties, focusing on their electronic conductivity, as it has been shown to have an important effect on the electrochemical performance of the fuel cell.
Experimental

Carbon Nanofiber Synthesis and Treatment
The CNF growth catalyst, composed by NiCuAl 2 O 3 (Ni:Cu:Al molar ratio of 78:6:16), was prepared by coprecipitation of metal nitrates, calcination at 450 ºC for 8 hours and reduction of 300 mg of the catalyst precursor (a mixture of the metal oxides) under a hydrogen flow of 20 mL(STP) min -1 at 550 ºC for 3 hours, as described elsewhere [33] .
Three growth conditions were employed to obtain CNFs with different physico-chemical properties, according to recent previous works [34] and [35] , and were labeled as CNF [28] . Three oxidation conditions were employed, namely 'A': a mixture of concentrated nitric and sulfuric acids (1:1) at room temperature; 'B': a mixture of concentrated nitric and sulfuric acids (1:1) at boiling temperature; and 'C': concentrated nitric acid at boiling temperature. The duration of the treatments was 30 minutes in all cases. The acid concentrations employed were 65% for nitric acid and 96% for sulfuric acid in water, as purchased to Panreac. After oxidation, samples were thoroughly washed with deionized water until neutral pH and subsequently dried at approximately 100 ºC overnight.
Carbon Nanofibers Physico-Chemical Characterization
The nature and characteristics of carbon nanofibers obtained in the experiments previously described were studied using temperature programmed desorption (TPD), nitrogen physisorption, X-ray diffraction (XRD), scanning electron microscopy (SEM) and temperature programmed oxidation (TPO).
The quantitative and qualitative determination of the oxygen surface groups was carried out by means of TPD experiments. Typically, 300 mg were placed in a U-shaped quartz reactor.
The temperature was increased at a rate of 10 °C min −1 from room temperature up to 1050 °C under a helium flow of 30 mL(STP) min −1 . The amounts of CO and CO 2 desorbed from the carbon samples were analyzed by gas chromatography.
Textural properties such as specific surface area, pore volume and microporosity were calculated from nitrogen adsorption-desorption isotherms, measured at -196 ºC using a Micromeritics ASAP 2020. Total surface area and pore volume were determined using the Brunauer-Emmet-Teller (BET) equation and the single point method, respectively.
Microporosity was determined from t-plot method. Pore size distribution was obtained by
Barret-Joyner-Halenda (BJH) method in the adsorption isotherm.
The structural properties of CNFs were studied by X-Ray Diffraction. XRD patterns were performed using a Bruker AXS D8 Advance diffractometer, with a θ-θ configuration and using Cu Kα radiation.
The morphology of CNFs was studied by Scanning Electron Microscopy (SEM) using a Hitachi S-3400 N.
Finally, stability under oxidation conditions was studied by Temperature Programmed Oxidation (TPO). TPO experiments were carried out under a flow of air using a heating rate of 5 ºC min -1 from room temperature up to 850 ºC on a thermogravimetric analyzer Setaram.
Electronic Conductivity
The electrical resistance that a powdered material offers to electrical current is a combination of the individual resistances of both the grains and the contacts between them. Consequently, measuring the conductivity of a powder requires pressing on the bed of grains in order to ensure the electrical contact [36] . The device used with this purpose consists on a thick-walled PVC tube with an inner diameter of 8 mm. A scheme of the experimental set-up and the equivalent electrical circuit are described elsewhere [35] . The bottom of the cylinder is closed by a stationary brass piston and, after introducing 2 cm 3 of grinded and weighed sample, the upper side is closed by a stainless steel plunger, allowed to move down in the cylinder. Then 
Results
Carbon Nanofiber Growth, Functionalization and Physico-Chemical Characterization
The carbon deposition process from methane decomposition was followed by gas chromatography and the results obtained are plotted in figure 1 . As can be observed, the methane to carbon conversion does not present any significant deactivation during the growth process, increasing with reaction temperature from 10% for CNF 3 (550ºC) up to 60% for CNF 1 (700ºC). The growth rate remains consequently constant, leading to a rather homogeneous distribution of carbon nanofibers, corroborated by SEM micrographs figures 2(a), 2(c) and 2(e). Afterwards, the as-obtained CNFs were oxidized and characterized. only HNO 3 at boiling temperature (C) favors the formation of carboxylic acids and phenols.
Negligible amounts of phenol groups are present aft other two treatments. As a general trend, the most abundant oxygen surface group after treatments is carbonyl/quinone (in the range 25-75%), whereas the amount of anhydride groups is negligible.
These oxidizing treatments may affect the physico-chemical properties of CNFs. Table 2 summarizes the calculations from the nitrogen physisorption experiments. First of all, it has to be noted that, in the untreated CNFs, both surface area and pore volume increase from CNF 1 to CNF 3, that is, as the synthesis temperature decreases, which is directly related to the nanofiber thickness and its dependence with temperature [34] , [40] and [41] . This explains the increase in the oxygen content from CNF 1 to CNF 3 oxidized samples (table 1) . The mean pore diameter also increases slightly as the temperature decreases, always in the mesopore range. The temperature at which the carbon samples are oxidized indicates the resistance towards oxidation in air, which depends on the graphitic character of the carbon matter as well as the surface oxidation degree. Firstly it can be observed that oxidation resistance increases in the order CNF 3 < CNF 2 < CNF 1 in the untreated samples, according with the structural , hich has already been reported in other previous works [11] and [29] . The influence of the esence of nickel on the oxidation temperature cannot be rejected, since it could act a with HNO 3 :H 2 SO 4 at room temperature (A) lead to the higher increase of oxidation temperature. Taking into consideration that A and C treatments lead to similar oxygen contents in CNF 1 and CNF 2, and the observed maintenance of the crystalline structure, it can be assumed that the difference in oxidation resistance of about 15-30 ºC between A and C must be ascribed to a difference of functional groups composition, specifically those desorbing to CO at high temperature: carbonyl/quinone groups presumably favor higher oxidation temperatures in air.
Electronic Conductivity
The electronic conductivity of the CNFs in the form of powder depends on the compression pressure, increasing upon compression with a logarithmic dependence, which is related to elastic or plastic deformation of particles [42] . Particles are formed by the random aggregation of carbon nanofibers of 10 nm to 90 nm thickness, formed in turn by stacked cup graphene layers. In this kind of materials, it can be assumed that the electronic conductivity in the inside is quite high, since it is formed by graphene layers. The most important contribution to resistance is then located at the interface between nanofibers and at the interface between the particles of different aggregates [31] . Under compression, the number of electrical contacts increases due to the forced approach of neighbor particles. Figure 6 hows the relationship between the electronic conductivity and the pressure applied over the 
Elect ct
After functionalization (A, B or C), the apparent electronic conductivity decreases for the three CNFs of this work, especially in those high conductor CNFs (CNF 1, figure 6(a) ).
However, different results are obtained depending on the oxidation process. For comparison purposes, the electronic conductivity must be compared among samples with similar packing fractions, that is, in which the average number of contacts between particles of the same size is comparable. As density changes after oxidation, the packing fractions are consequently different among untreated and treated CNFs under the same pressure. To illustrate this, figure   7 represents the variation of the measured density with applied pressure. It must be considered that the measured density is lower than the bulk density, which could be measured by helium pycnometry and would be similar to density at mu With respect to electronic conductivity, apparently C oxidation process is the most conservative oxi on of curves in figure 6 (a), achieving higher net values than the other two oxidizing treatments. On CNF 2 in conductivity, but it must be taken into consideration that dizing treatment on CNF 1 at the same pressure, by comparis and CNF 3, both A and C oxidation treatments lead to similar conductivity values, figures 6(b) and 6(c). However, considering again the effect of compaction, at a density 0.65 cm 3 g -1 ,
the reductions of conductivity after C treatment were -59% for CNF 1, -68% for CNF 2 and -49% for CNF 3. After A treatment the electronic conductivity was reduced -50% for CNF 1, but increased +41% for CNF 2 and no significant change was observed for CNF 3, overlapping CNF 3 and CNF 3-A on the graph. A plausible explanation for the increase in conductivity in the sample CNF 2-A could be a change of the morphology of the aggregates, since the crystallinity does not change and the oxygen content is close to that of CNF 2-C.
To sum up, high temperatures in the oxidation process seem to affect the subsequent electronic conductivity of CNFs in a larger extent than room temperature. From the point of view of the electronic conductivity, oxidizing at room temperature with rather strong acid solutions is a better strategy than increasing the process temperature.
A general trend of the decrease of the CNF electronic conductivity with the oxygen content can be observed in figure 9 . For a determined percentage of oxygen it is noticeable that a spread of conductivity data is obtained, which is due to both differences among density values (0.65-0.80 cm 3 g -1 ) and different CNFs. Nevertheless, although the three CNFs synthesized and oxidized in this work differ in their properties, increasing the oxygen content up to 5 wt% entails an important reduction of electronic conductivity. A further oxidation of the carbon surface implies a softer variation to achieve larger oxygen contents, a more severe treatment is needed, that is, utilizing higher temperature or increasing the oxidizing character of the reagents, which can even destroy the original structure of the carbon nanofibers. CNFs at low temperature (room temperature) but using severe oxidizing reagents is beneficial in terms of electronic conductivity preservation and oxygen containing groups creation.
Nevertheless, further studies are needed to determine the adequate treatment in terms of platinum deposition and fuel cell performance, since the behavior of the catalytic layer is a compromise among more variables. Table 2 . CNF textural properties from nitrogen physisorption measurements. Table 3 . Electronic conductivity before and after functionalization.
